In cold regions, the deformation characteristics and long-term mechanical properties of rocks under low-temperature conditions are considerably different from those in other regions. To study the deformation characteristics and long-term mechanical properties of rocks in a low-temperature environment and the effect of different temperatures, we perform a multilevel loadingunloading uniaxial creep test on red sandstone samples and obtain the creep curves at different temperatures (20°C, − 10°C, and − 20°C). e results demonstrate that the total strain at each temperature can be divided into instantaneous and creep strains; the instantaneous strain includes instantaneous elastic and plastic strains, and the creep strain includes viscoelastic and viscoplastic strains. Temperature has a significant effect on the deformation properties of red sandstone. A decrease in temperature reduces the instantaneous and creep deformations of the rocks at all levels of stress. In addition, a decrease in temperature exponentially attenuates the total creep and viscoplastic strains of the rocks. 0°C is a critical point for the reduction of the total creep and viscoplastic strains of the rocks. When the temperature is greater than 0°C, the total creep and viscoplastic strains of the rocks decrease rapidly and linearly with decrease in temperature; however, when the temperature is less than 0°C, the decrease in the total creep and viscoplastic strains of the rocks is slow. e steady-state creep rate of the rock samples decreases with decrease in temperature, whereas the creep duration increases with decrease in temperature, especially in the case of the accelerated creep stage. e accelerated creep durations of the rock samples S4 (20°C) and S7 (-10°C) are 0.07 h and 0.23 h, respectively.
Introduction
Rocks, natural substances formed by a geological process, are one of the most common substances on the surface of the earth [1] . With the development of economic activities, increasingly more large-scale rock mass projects such as cold-zone tunnels, coal mine construction, and low-temperature underground storage facilities for liquefied natural gas are being constructed in cold regions; these involve different long-term mechanical behaviors of rocks in lowtemperature environments. e majority of the coal resources in the western region of China are covered with a thick water-rich Cretaceous soft rock stratum; hence, mine construction is undertaken primarily using a freezing method. Numerous researchers have studied the deformation and mechanical properties of rocks under lowtemperature conditions. Inada and Yokota [2] conducted uniaxial compression and tensile tests on granite and andesite under different temperatures in the range of − 160°C to 20°C, and they studied the influence of temperature changes on strength of rocks. e results revealed that rock strength increases with decrease in temperature. Aoki et al. [3] performed uniaxial compression and tensile tests on granite and rhyolite under different temperatures in the range of − 160°C to 15°C, and they reported that the elastic modulus of rocks increases with decrease in temperature. Yamabe and Neaupanek [4] tested basic physical properties of rocks such as the compressive strength and elastic modulus under low-temperature conditions. e strength and elastic modulus of frozen rocks were found to be greater than those of unfrozen rocks; the compressive strength and elastic modulus increased with decrease in temperature. Jiang et al. [5] conducted uniaxial compression tests on saturated sandstone under different temperatures in the range of − 30°C to − 5°C to study the effects of low temperature on the frost heave mechanism and the mechanical properties of rock mass. e test results revealed that freezing a rock can significantly improve its internal structure and strength characteristics. Park et al. [6] studied the relationship between thermophysical parameters and temperature of Korean granite and sandstone under low temperatures. Xu et al. [7] conducted uniaxial and triaxial compression tests on red sandstone and shale under disparate freezing temperatures and water states (saturated and dry). e results revealed that the uniaxial compressive strength and elastic modulus of these two types of rocks typically increase when the temperature decreases from 20°C to − 20°C. Tang et al. [8] performed uniaxial and triaxial compression tests on granite under different freezing temperatures (− 10°C to − 50°C) and moisture conditions (saturated and dry). e tests revealed that rock strength increases nonlinearly with decrease in temperature; however, there is a threshold point (approximately − 40°C) at which the strength of granite tends to stabilize. Xi et al. [9] conducted uniaxial and triaxial compression tests on saturated sandy mudstone under different confining pressures and temperatures (− 30°C to 20°C) to analyze the effects of low temperature on basic mechanical parameters of sandy mudstone. e abovementioned studies have made important contributions to the understanding of rock mechanics under low-temperature conditions. A majority of these studies address the instantaneous deformation and mechanical properties or rock failure mechanism of rocks under low-temperature conditions.
Creep is one of the crucial mechanical properties of rocks. e creep properties of rocks are distinctly different based on lithological and environmental differences, and they are closely related to the safety and long-term stability of rock mass engineering. Many studies have been conducted based on rock creep [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . However, the effects of temperature on the creep properties of rocks have only been studied for high temperatures. Chen et al. [21, 22] used the MTS815 rock mechanics test system to study the effects of different temperatures on the creep properties of Beishan granite. e results showed that when the temperature is higher than 90°C, the creep deformation increases with increase in temperature. Heap et al. [23] conducted triaxial creep tests on sandstone to study the effect of different temperatures (20°C to 75°C) on the rock creep rate; the study concluded that temperature is the main influencing factor of the rock creep rate with a depth in the shallow crust. Lu and Wang [24] conducted creep tests on coal measures mudstone to study the effects of temperature on the long-term mechanical properties of mudstone. As the temperature increased, the increase in the creep-strain rate of the rock with the change in stress level was more apparent. Rybacki et al. [25] performed creep tests on the Dotternhausen Posidonia Shale under different temperatures (50°C to 200°C) and studied the effect of temperature on the rock creep properties. Wang et al. [26] conducted a high-temperature high-pressure rock triaxial test on granite samples and studied the creep deformation under high temperatures and pressures. e results showed that the creep properties of granite increased with increase in temperature. Only a small number of studies have focused on the creep properties of rocks under low temperatures. Li et al. [27] performed triaxial creep tests on Cretaceous frozen soft rock at temperatures of − 10°C and − 8°C and proposed a nonlinear viscoelasticplastic creep constitutive model for frozen soft rock. Shan et al. [28, 29] conducted uniaxial creep tests on frozen red sandstone at − 10°C and proposed a theoretical model based on the creep properties of rock. Further systematic study of creep properties of rocks at low temperatures is urgently required.
In this study, a multilevel loading-unloading uniaxial creep test is performed on saturated red sandstone under different temperatures. e creep properties of the rock and the effect of temperature on it are analyzed.
is study provides a reliable basis for the long-term stability analysis of rock mass engineering in cold regions.
Experiments

Specimen Preparation.
e red sandstone specimens in this study were collected from the Dafosi Coal Mine that is located in the midwest Binchang mining area, Jurassic Coalfield, Huanglong, Shaanxi Province. e rock formations are primarily weak medium-fine sandstones with large thickness. e rock samples were cut into standard cylindrical specimens ( Figure 1 ) with a length and diameter of 100 mm and 50 mm, respectively. e rock specimens were placed in an oven at 105°C for 48 h and weighed to determine their dry density. An ultrasonic tester was used to measure the wave velocity of the dried rock samples, and the wave velocity of each rock sample was obtained. en, the specimens were soaked in water for 48 h and weighed in air and water to determine their saturated water content and porosity. Rock samples with similar wave velocity and dry density values were grouped together. e rock samples were divided into four groups: one group was for the conventional uniaxial compression test, and the other three groups were for the creep test. e average physical parameters of the red sandstone are listed in Table 1 .
Testing Procedure.
Creep tests were performed using the servo-hydraulic rock mechanics testing system (MTS810) in the State Key Laboratory of Frozen Soil Engineering of the Northwest Institute of Eco-Environment and Resources at the Chinese Academy of Sciences. e rock mechanics test system is shown in Figure 2 . e maximum axial load of the testing machine is 250 kN, and the temperature error of the pressure chamber does not exceed ±0.5°C.
To prevent the loss of water in saturated rock samples during the entire test process, the samples were completely smeared with Vaseline and sealed with latex. e prepared rock specimens were placed in a box at a low temperature with a cooling rate of 0.02°C/min. ey were kept in the box for 24 h to ensure that their internal temperature achieved the specified temperature. Simultaneously, the temperature of the pressure chamber in the testing machine (MTS810) was reduced to the specified temperature. en, the rock 2
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e results determined the stress levels to be used in the creep tests (Table 1) . en, the creep tests were performed under multilevel loading-unloading cycles as shown in Figure 3 . e load was increased at a rate of 0.01 MPa/s to achieve the target stress level; this level was maintained steadily until the rate of deformation stabilized. en, the load was decreased at a rate of 0.03 MPa/s until it reached 0, where it was maintained until the completion of the strain recovery. e next stage began by following the same sequence. To analyze the stability of the frozen rock mass in a coal mine shaft according to the temperature for wellbore freezing (− 20°C) and the average temperature of a frozen wall (− 8.84°C), the test temperatures were set to 20°C, − 10°C, and − 20°C, where 20°C represented the ambient-temperature control group. ree specimens were tested simultaneously at the same temperature to acquire the representative creep curves. Figure 4 presents a representative creep curve under a loading-unloading cycle. e total strain of the rock consists of the instantaneous strain ε m and creep strain ε c [30, 31] :
Test Data Processing
e instantaneous strain ε (i) m under a stress level σ i consists of the instantaneous elastic strain ε (i) me and instantaneous plastic strain increment Δε (i) mp that are produced by the stress increment Δσ i (Δσ i � σ i − σ i− 1 ). According to Hooke's law, the instantaneous elastic strain recovers completely after unloading. erefore, the instantaneous elastic strain ε (i) me under a stress level σ i must be equal to the instantaneous elastic recovery strain ε (i) mr after unloading. Hence, the equation for In equation (2), the instantaneous elastic recovery strain ε (i) mr can be derived from the instantaneous elastic recovery curve after unloading, and the instantaneous strain ε (i) m can be derived from the instantaneous loading curve. erefore, the instantaneous plastic strain increment Δε (i) mp can be acquired using equation (2) .
Similarly, the creep strain ε (i) c under a stress level σ i consists of two parts: the viscoelastic strain ε (i) ce and viscoplastic strain increment Δε (i) cp that are produced by the stress increment Δσ i (Δσ i � σ i − σ i− 1 ). According to the complete reversibility of viscoelastic deformation, it can be determined that the viscoelastic strain ε (i) ce of rock specimens under a certain stress level must be equal to the hysteresis elastic recovery strain ε (i) cr . Hence, the equation for Δε (i) mp is
In equation (3), the hysteresis elastic recovery strain ε (i) cr can be derived from the hysteresis elastic recovery curve after unloading. e creep strain ε (i) c can be derived from the creep-strain curve. erefore, the viscoplastic strain increment Δε (i) cp can be acquired using equation (3). e instantaneous plastic and viscoplastic strains under a stress level σ n are defined as follows:
erefore, the instantaneous strain ε (n) m and creep strain ε (n) c of a rock specimen under a stress level σ n can be calculated using the following formulas: Figure 5 presents the uniaxial creep test curves of the red sandstone specimens under loading and unloading cycles at temperatures of 20°C, − 10°C, and − 20°C. It is evident that red sandstone exhibits three typical stages of creep: attenuation, steady-state, and accelerated creeps. e rock specimens exhibit attenuation and steady-state creeps under all stress levels prior to creep failure. Furthermore, they exhibit attenuation, steadystate, and accelerated creeps under the final loading cycle. Temperature has a significant effect on the deformation properties of red sandstone. e instantaneous strain and creep strain are significantly reduced by low temperatures. For example, when the stress level is 4.6 MPa, the instantaneous strains of specimens S4 (20°C), S7 (− 10°C), and S9 (− 20°C) are 7.074 × 10 − 3 , 4.960 × 10 − 3 , and 1.650 × 10 − 3 , respectively; reductions of 29.88% and 66.73% are reported for cold specimens S7 and S9, respectively. e creep strains are 2.02 × 10 − 3 , 4.74 × 10 − 4 , and 4.30 × 10 − 4 for specimens S4, S7, and S9, respectively; reductions of 76.53% and 9.28% are reported for cold specimens S7 and S9, respectively.
Experimental Results
Creep failure stress increases drastically with decrease in temperature. For example, specimen S4 experienced attenuation creep, steady-state creep, and accelerated creep; then, it ruptured at the third stress level with a creep failure stress of 6.6 MPa. Specimen S7 failed at the sixth stress level with a creep failure stress of 12.7 MPa. Specimen S9 only experienced two stages of creep (attenuation creep and steady-state creep) at the sixth stress level; it did not exhibit accelerated creep or any indication of failure.
Instantaneous Strain.
According to the aforementioned process of loading and unloading, the instantaneous strain of rock under all stress levels is composed of instantaneous elastic strain and instantaneous plastic strain based on the loading history. Figure 6 presents the curves of the instantaneous strain and stress levels at temperatures of 20°C, − 10°C, and − 20°C. It is evident that the instantaneous elastic strain and instantaneous plastic strain of the specimens increase as the stress level increases but decrease as the temperature decreases at the same stress level. is trend becomes more apparent with increasing stress levels. For example, when the stress level is 4.6 MPa, the instantaneous elastic strains of specimens S4, S7, and S9 are 4.49 × 10 − 3 , 3.56 × 10 − 3 , and 8.41 × 10 − 4 , respectively; reductions of 20.71% and 76.38% are reported for cold specimens S7 and S9, respectively. e instantaneous plastic strains are 2.58 × 10 − 3 , 1.40 × 10 − 3 , and 8.09 × 10 − 4 for specimens S4, S7, and S9, respectively; reductions of 45.74% and 42.21% are reported for cold specimens S7 and S9, respectively. At a stress level of 8.7 MPa, the instantaneous elastic strains of specimens S7 and S9 (specimen S4 failed at this stress level) are 6.23 × 10 − 3 and 1.59 × 10 − 3 , respectively; a reduction of 74.48% is reported for the cold specimen S9. e instantaneous plastic strains of specimens S7 and S9 are 1.96 × 10 − 3 and 1.03 × 10 − 3 , respectively; a reduction of 47.45% is reported for the cold specimen S9. ese results indicate that a decrease in temperature can effectively inhibit the instantaneous deformation of rocks. Figure 6 shows that the curve of the stress-instantaneous-elastic-strain is almost linear; this indicates that the ratio of the stress increment to the instantaneous elastic strain increment at every stress level can be defined by the instantaneous elastic modulus E me as follows:
e instantaneous elastic moduli E me of red sandstone at different temperatures are presented in Figure 7 . A certain degree of reduction is evident in the instantaneous elastic modulus at the second stress level, which can be caused by the compaction of fissures and closure of micropores at reduced stress levels. e elastic moduli increase at higher stress levels, thereby indicating that the specimens exhibit a tendency of strain hardening under low temperatures. Moreover, a decrease in temperature can significantly increase the instantaneous elastic modulus E me at the same stress level. For example, at the fourth stress level, the instantaneous elastic modulus E me of specimen S7 is 1.396 GPa, whereas that of specimen S9 is 5.475 GPa. is demonstrates that a decrease in temperature can effectively enhance the ability to resist instantaneous rock deformation.
Viscoelastic Strain and Viscoplastic Strain.
e creep strain ε c consists of viscoelastic strain ε ce and viscoplastic strain ε cp . Figure 8 presents the relationship between the creep strain, viscoelastic strain, viscoplastic strain, and stress level of the red sandstone specimens at different temperatures. Figure 8 shows that the viscoelastic strain ε ce and viscoplastic strain ε cp of the specimens decrease as the temperature decreases at the same stress level. For example, the viscoelastic strains of specimens S7 and S9 (specimen S4 failed at this stress level) are 4.40 × 10 − 4 and 2.24 × 10 − 3 , respectively, at the third stress level; a reduction of 49.09% is reported for the cold specimen S9. e viscoplastic strains are 6.1 × 10 − 4 and 3.06 × 10 − 3 for specimens S7 and S9; a reduction of 49.84% is reported for the cold specimen S9. e relationship between the temperature T at the second stress level and the total creep strain ε tcs and viscoplastic strain ε vps of the rock was fit as shown in Figure 9 . e variation law of total creep strain and viscoplastic strain of rocks with a decrease in temperature was obtained. e fitting results were as follows:
ε vps � 0.0022 + 0.0355e T/13.1896 .
It is clear that the total creep and viscoplastic strains of the rock are exponentially attenuated with decrease in Advances in Civil Engineering 5 temperature. Figure 9 shows that 0°C is a critical point for the reduction of the total creep and viscoplastic strains of the rock with decrease in temperature. When the temperature is greater than 0°C, the total creep and viscoplastic strains of the rock decrease rapidly and linearly with decrease in temperature. As the temperature approaches 0°C, the slope of the curve decreases gradually, and the total creep strain and viscoplastic strain of the rock decrease as the temperature decreases. When the temperature is less than 0°C, the total creep strain and viscoplastic strain of the rock continue to decrease as the temperature decreases; however, at the same temperature difference, the magnitude of decline is considerably less than that at temperatures greater than 0°C, especially when the temperature is less than − 10°C. is is because 0°C is the critical temperature at which water changes from the liquid state to the solid state. When the temperature is less than 0°C, pore water inside the rock gradually changes from liquid to solid, thereby increasing the density of the internal structure of the rock and enhancing the resistance of the rock to deformation. As the temperature continues to decrease, the content of liquid water in the pores and thus the elastic modulus of the rock decreases gradually. erefore, the magnitude of the total creep and viscoplastic strains of the rock decreases as the temperature decreases. ese results demonstrate that a decrease in temperature can effectively inhibit the viscous deformation of the rock. Furthermore, the viscoplastic strain ε cp increases with an increase in the stress level, and the proportion of viscoplastic strain in the total creep strain increases gradually. Consider the example of specimen S9. From the first to the fifth stress levels, the viscoplastic strain accounts for 37.95%, 43.25%, 49.60%, 57.74%, and 59.67% of the total creep strain, respectively. is demonstrates that the viscous fluidity of the rock increases with an increase in stress level. Moreover, the viscoplastic strain increases rapidly based on the cumulative effects of the stress history. e viscoplastic strain accounts for a small proportion of the total creep strain at low stress levels, where the creep strain is largely composed of viscoelastic strain. As the stress level gradually increases, the creep strain of the rock exhibits both viscoelasticity and viscoplasticity. In the accelerated creep stage (rock specimens failed at this stress level), the viscoelastic and viscoplastic strains cannot be distinguished, thereby indicating that the creep strain is composed entirely of viscoplastic strain. e viscoplastic strain continues to increase with the accumulation of time and stress history until failure. e continuous development of viscoplastic strain is the main reason for creep failure in rock mass engineering [32] .
Steady-State Creep-Strain Rate.
In the steady-state creep stage, the creep-strain rate fluctuates within a certain range; however, it can be assumed that the creep rate is approximately constant. e average slope of the steady-state creep curve is shown as the steady-state creep-strain rate in Figure 10 . e steady-state creep rate decreases at the second stress level; then, it increases as the stress level increases.
is is similar to the law of the instantaneous elastic modulus E me in Figure 7 . For the red sandstone specimens, there can be a state of "incomplete compaction" that indicates that there is a stress threshold value. When the stress level is less than the stress threshold, the microholes and cracks are not destroyed and deformation is not affected by the internal structure of the rock. When the stress level is greater than the stress threshold, cracks are compacted and microholes are destroyed and filled, thereby indicating that the ability of the rock to resist deformation improves. is can be the reason behind the decrease in instantaneous elastic modulus E me and steady-state creep rate at high stress levels. Furthermore, a decrease in temperature can reduce the steady-state creep rate of the rock specimens. Consider the fourth stress level as an example. e steady-state creep rate of specimen S7 is 3.20 × 10 − 5 ·h − 1 and that of specimen S9 is 2.74 × 10 − 6 ·h − 1 ; the former is 11.68 times greater than the latter.
is indicates that a decrease in temperature can significantly reduce the creep rate of the rock, which is beneficial for the deformation control of the surrounding rock.
Accelerated Creep Strain and Accelerated Creep-Strain
Rate. When loading to the third and sixth stress levels, specimens S4 (20°C) and S7 (− 10°C) ruptured after entering the accelerated creep stage. Differential creep strain versus time curves were acquired for these specimens. e curves of the creep strain and creep-strain rate overtime at the final stress level are presented in Figures 10 and 11 , respectively.
In Figure 11 , the creep-strain rate of specimen S4 decreases from 1.693 × 10 − 4 ·h − 1 to 0.125 × 10 − 4 ·h − 1 .
e duration of T 1 is approximately 0.2 h in zone OA, which is known as the attenuation creep stage. In zone AB, the creepstrain rate remains approximately constant at 0.125 × 10 − 4 ·h − 1 and the creep curve increases linearly. e duration of T 1 T 2 is approximately 1.15 h.
is stage is identified as the steady-state creep stage. e creep-strain rate in zone BC increases rapidly to 0.46 × 10 − 3 ·h − 1 , which is the failure point. e duration of T 2 T 3 is approximately 0.07 h, which is considered the accelerated creep stage.
Similarly, in Figure 12 , the creep-strain rate of specimen S7 decreases from 1.517 × 10 − 4 ·h − 1 to 0.104 × 10 − 4 ·h − 1 in zone OA.
e duration of T 1 is approximately 0.16 h, which represents the attenuation creep stage. e creep-strain rate in zone AB remains approximately constant at 0.104 × 10 − 4 ·h − 1 .
e duration of T 1 T 2 is approximately 2.51 h, which represents the steady-state creep stage. In zone BC, the creep-strain rate increases rapidly to 0.30 × 10 − 3 ·h − 1 , which is the failure point. e duration of T 2 T 3 is 0.23 h, which represents the accelerated creep stage.
Conclusions
Based on uniaxial creep tests with multilevel loading and unloading cycles on red sandstone specimens at different temperatures (20°C, − 10°C, and − 20°C), the following conclusions can be drawn.
Low temperature has a significant effect on the deformation properties of red sandstone. e creep of the red sandstone exhibits typical three-stage behavior under different temperatures, and the total strain at each temperature can be categorized as instantaneous and creep strains, where the instantaneous strain includes the instantaneous elastic and plastic strains, and the creep strain includes the viscoelastic and viscoplastic strains.
As the temperature decreases, the instantaneous and creep deformations of the rock under different stress levels reduce gradually. e temperature decrease can effectively inhibit the viscous deformation of the rocks. e total creep strain and viscoplastic strain of the rocks are exponentially Advances in Civil Engineering attenuated with decrease in temperature. 0°C is a critical point for the reduction of the total creep and viscoplastic strains of the rocks with decrease in temperature. e stress level required for the accelerated creep stage of the rocks increases with decrease in temperature; hence, the creep failure stress of the rock increases with decrease in temperature.
e steady-state creep rate of the rock samples decreases with decrease in temperature, whereas the duration of the creep increases with decrease in temperature, especially in the case of the accelerated creep stage.
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